Introduction
Sudan I (l-phenylazo-2-hydroxynaphthalene, Solvent Yellow 14) has been studied as a model non-aminoazo dye. This compound has been recommended as unsafe for use in food but is widely used to color other material (1) . This dye is carcinogenic, leading to tumors in die liver and/or urinary bladder in rats, mice and rabbits (1) (2) (3) (4) (5) (6) . Microsomal cytochromes P450 are supposed to be responsible for the activation of Sudan I in liver (5) (6) (7) (8) .
A limited role for cytochromes P450 in the in vivo metabolic activation of Sudan I in the urinary bladder is, however, suggested. This organ has little or no detectable cytochrome P450; peroxidase is, however, present at relatively high levels in this tissue (9) (10) (11) . As Sudan I is very effectively activated by peroxidase, forming covalent adducts with DNA in vitro, we suggested that this enzyme could be responsible for the initiation of chemical carcinogenesis in the urinary bladder (12, 13) . Unfortunately neither the target deoxynucleosides in DNA, nor die structure of the ultimate carcinogen(s) formed by Sudan I metabolites are known as yet. This is, however, important for the explanation of the mechanism of initiation of carcinogenesis by Sudan I in tissues rich in peroxidases.
The present paper continues our previous study, and thus aims to identify the target deoxyribonucleosides in DNA for covalent binding of die carcinogen by comparing the properties of adducts obtained from DNA and from individual homopolydeoxyribonucleotides [poly(dX)*]. The ^P-postlabeling assay (14) is used for both quantitation of adducts and identification of the adducted nucleotide bases.
Materials and methods

Chemicals and radiochemicals
Chemicals were obtained from the following sources: calf thymus DNA, horseradish peroxklase from Boehringer Mannheim, FRG; Sudan I from British Drug Houses, Poole, UK; all other chemicals were reagent grade or better. Materials for DNA digestion and ^P-postlabeling were from the sources reported previously (15) . Nuclease PI was from Sigma Chemical Co. The l4 C-labe!ed Sudan I (20 MBo/mmol) was synthesized as described earlier (7) . Homopotymcrs [poly(dX)] were from Pharmacia LKB, Uppsala, Sweden. n P-Labeling and recovery of individual nucleotide adducts DNA was modified by the carcinogen, and isolated as described previously (13) . Briefly, 0.2 mM of cold or [ 14 C]Sudan I was incubated with 0.2 mg horseradish peroxidase, 1.5 mM HjO^ and 1 mg DNA in 50 mM Tris-HCl buffer (pH 8.4) at 37°C, 120 min. The mixtures were extracted twice with ethylacetate and nbutanol. DNA was isolated by phenol/chloroform extraction (2 x) and precipitated by ethanol (13) . Erhanol-precipitated DNA was treated with activated charcoal to remove non-covalently bound radioactivity (10) but no change in radioactivity to untreated DNA was observed. The same experimental conditions were used to modify poly(dX) except that poly(dA), poly(dG), poly(dT) and poly(dC) were used instead of DNA.
The DNA modified by activated Sudan I was converted to 32 P-labeled deoxyribonucleoside 3',5'-bisphosphates by the nuclease PI version (16) or by the nbutanol extraction-mediated enrichment procedure (17) of the 32 P-postlabeling assay (14) . DNA was hydrolyzed to deoxyribonudeosjde 3'-monophosphates using micrococcal nuclease and spleen phosphodiesterase. A parallel sample of DNA modified by [ l4 C]Sudan I was used to estimate the efficiency of enzymes used for the hydrolysis of this DNA. This sample was extracted with water-saturated n-butanol at pH 3.5 (100 mM ammonium formate) in the presence of 10 mM tetrabutylammonium chloride as in the n-butanol extraction enrichment procedure (17) . Only -13% of the total l4 C-radioactivity was recovered in the butanol phase; residual radioactivity remained in the water phase. This indicates that only -13% of DNA employed was available for the -^P-postlabeling assay. Nuclease Pl-treated samples and butanol extracts were labeled with 32 P using polynucleotide kinase and [T-32 P) ATP under conditions used previously (13, 18) . Unless stated otherwise, labeled digests were ctiromatographed on thin layer plates of PEI-cellulose by two methods: (i) essentially as described previously (16) except that D3 solvent was 3.5 M lithium formate, 8.5 M urea, pH 3.5, D4 solvent was 0.8 M lithium chloride, 0.5 M Tris, 8.5 M urea, pH 8.0, followed by a final wash with 1.7 M sodium phosphate, pH 6.0. D2 was omitted, (ii) Plabeled adducts were also resolved by the modifications described by Reddy et al. (19) . The solvents used in this case were: Dl, 2.3 M sodium phosphate, pH 5.77; D2 was omitted; D3, 2.7 M lithium formate, 5.1 M urea, pH 3.5; D4, 0.36 M sodium phosphate, 0.23 M Tris-HCl, 3.8 M urea, pH 8.0. After D4 development and a brief water wash, the sheets were developed (along D4) in 1.7 M sodium phosphate, pH 6.0, to the top of the plate, followed by an additional 30-40 min development with the TLC tank partially opened to allow the radioactive impurities to concentrate in a band dose to the top edge. This procedure has been shown to be suitable for the resolution of benzoquinone-derived adducts (19) .
Postlabeled adducts were located by autoradiography, adduct spots were excised from the chromatograms (three parallel experiments) and the radioactivity was measured by Cerenkov counting (14, 16, 17) . Blank regions adjacent to the adduct spots were also evaluated, and their count rates were subtracted from adduct count rates. Adduct levels were calculated by relative adduct labeling (RAL) (16, 17) . Since adducts were derived from 8.11 y% of DNA (2.63 x \(r pmol dNp) and the specific activity of l7- The same procedure as described above was used for analysis of poly(dX) modified by activated Sudan I. Adduct spots in DNA and poly(dX) separations showing similar properties on TLC were excised from the chromatograms and extracted as described (18) . Cut-outs were extracted with two 800 p\ portions of 6 N ammonium hydroxide/isopropanol (1:1) for a total of 40 min. The eluent was evaporated in a Speed-Vac centrifuge. For co-chromatographic analyses the extracts were dissolved in water so that equal amounts of radioactivity could be applied for each sample. Developments of these adducts were carried out by the procedure described above (i) in D3 and D4 directions. Figure 1 ) and more than eight minor adduct spots were detected in calf thymus DNA reacted with Sudan I activated by the peroxidase system in vitro using either Carcinogen adducts were quantitated from both adduct enrichments (nuclease PI treatment and butanol extraction) to evaluate quantitative aspects of both procedures. The levels of the major and minor adducts were determined by measurement of the adduct count rates and expressed as RALs (Table I) . Both versions of the 32 P adduct assay used yielded the same DNA adduct pattern but the recovery of some adducts varied between the two procedures. Thus nuclease Pl-mediated enrichment is appropriate for adducts assigned the numbers 1, 4, 5, 6, 13; on the other hand, the butanol extraction is more suitable for adducts 9, 10 and 14. Remaining adducts showed comparable recoveries in these two procedures. Total Sudan I-DNA adduct levels of -5 adducts in 10 6 nucleotides (0.015 nmol/mg DNA) were detected by both 32 P-postlabeling assays (Table I) . This value was, however, much lower than that obtained in experiments where [ 14 C]Sudan I was incubated with peroxidase and DNA to estimate total binding (-4 nmol of Sudan I/mg DNA) ( Table  IT) . The modification of DNA by Sudan I activated with peroxidase is accompanied by a decrease in butanol-extractable Sudan I-modified DNA. This follows from the low recovery of nbutanol-extractable 14 C radioactivity ( I4 C adducts) (-13%) in comparison with the recovery of other adducts obtained from DNA modified by other carcinogens (-80-90%) (9,10).
Results
Eight major (closed circles in
To identify the target deoxyribonucleosides for the peroxidasemediated Sudan I binding, poly(dX) were used in parallel experiments instead of DNA. Ah 1 poly(dX) were modified by Sudan I in the peroxidase-activating system in vitro to a larger extent than DNA. The highest binding of activated Sudan I was found with poly(dT), poly(dG) and poly(dA) ( Table H) . Only adducts formed from poly(dA) and poly(dG) were colored, having an absorption maximum at -480 nm, like Sudan I-DNA adducts (13) . Poly(dT) and poly(dC) adducts were colorless. Using the nuclease PI version of the 32 P-postlabeling assay, a different pattern as well as a different number of adducts was obtained for each poly(dX) (Figure 2) .
It was estimated by comparison of TLC adduct patterns obtained from DNA and individual poly(dX) that some adducts could have arisen from the interaction of activated Sudan I with Figure 1 . deoxyadenosine or deoxyguanosine of DNA, because several adducts formed with poly(dA) or poly(dG) exhibited similar chromatographic behavior as adducts formed with DNA. Adduct spot no. 4 was observed to have similar chromatographic behavior as that formed from deoxycytidine. Co-chromatographic analyses confirmed that three adducts from DNA (no. 1,2, 11: Figure  1 ) have the same chromatographic properties as those formed from activated Sudan I with deoxyadenosine ( Figure 3A -C) and that adduct no. 6 ( Figure 1 ) (which represents, in fact, two adducts) co-migrates with two of the deoxyguanosine adducts ( Figure 3D ). It follows from the same chromatographic properties of the adducts that they may be adducts with the same structure. On the other hand, the co-chromatographic analyses excluded the formation of the adduct no. 4 from deoxycytidine in DNA ( Figure 3E ). The target nucleosides of four out of eight major DNA adducts were thus identified (no. 1, 2, 6, 11). Four major DNA adducts (no. 4, 8, 9, 10) were, however, not detected in the TLC pattern of adducts obtained from individual poly(dX) (Figures 1 and 2) . A quite different pattern of activated Sudan I-DNA adducts was observed when the TLC plates were developed with the eluting solvents described by Reddy el al.
(19) (method ii) (Figure 4 ). With this method more polar DNA adducts are retained on the PEI-cellulose plates than with the conventional method (i) (Figure 1 ). Discussion The 32 P-postlabeling assay of Sudan I-DNA adducts formed in the peroxidase-activating system was used previously to detect and confirm covalent DNA adduct formation (13) . In the present paper we quantified individual 32 P-labeled adduct spots. DNA is very effectively modified by [ l4 C]Sudan I activated by the peroxidase system in vitro (13) . This high level of DNA binding is comparable with the DNA binding of benzidine and activated by purified horseradish peroxidase reported by Yamazoe et al. (9, 10) . This high level of binding was, however, not obtained by the P-labeled digests of calf thymus DNA treated with peroxidase, H 2 O2 and Sudan I. Analysis was performed by the nuclease PI version of the assay. The resolution of adducts was obtained with the modified procedure described previously (19) (see Materials and methods, procedure ii). Autoradiography was at ambient temperature for 1 h. Origin is located at the bottom left comer (D3 from bottom to top and D4 from left to right). for 7/3, 8a-dihydroxy-9a, 10a-epoxy-7,8,9,lCketrahydrobenzo[a] pyrene(BPDE-I)-DNA, -70% for/V-hydroxy-2-acetylaminofluorene-DNA (20) and -60% for l'-hydroxy-2',3'-dehydroestragole-DNA (21) using individual adducts analyzed by HPLC or by 32 P-postlabeling separation. In fact, in respect to alkyl adducts, considerable data have been published (24, 25) . We determined considerable discrepancies between the adduct levels when the analyses were carried out by measuring the total binding of radioactive [ 6 nucleotides). Similar differences were found between the levels of adducts detected in placental DNA from smoking women when the analyses were carried out by ELJSA with antibodies against DNA modified with BPDE-I (2 BPDE-I adducts in 10 6 nucleotides) or by the 32 P-postlabeling (1 adduct per 10 8 nucleotides). It was hence postulated by these authors (22) that other cross-reacting materials as well as degradation of antibody could cause falsepositive values in the ELJSA assay and that likewise an absolute quantitation of adducts detected by 32 P-postlabeling assay is uncertain. The obtained discrepancies could be due to incomplete digestion of modified DNA, different degrees of resistance of adducted nucleotides to dephosphorylation, incomplete 32 Ppostlabeling, losses of material during the experimental manipulations or compounds retained at the origin of the PEI-cellulose TLCs. Another reason could be some polymeric non-covalently associated I4 C radioactivity that is difficult to remove from the ethanol-precipitated DNA as reported by Yamazoe et al. (10) . The fact that only 13% of [ l4 C]Sudan I adducts were accessible after butanol extraction for labeling suggests that the adducted DNA was digested incompletely. This could be the result of an increase in intramolecular or intermolecular DNA-Sudan I-DNA cross-linking, which is known to occur as a consequence of the peroxidative metabolism of some carcinogens (i.e. benzidine) in vitro (23) as well as in vivo (10).
It is important to note that not all adducts obtained were included in the quantitative experiments (Figure 1) . Moreover, when we used a different solvent system (number ii in Materials and methods) more adducts were observed on TLC autoradiograms (Figure 4 ). This indicates that several polar adducts are washed off the plate during the standard method used, and that this may also be a reason for the observed discrepancies in the binding levels.
In our previous paper (13) we compared the adduct patterns obtained by the intensification (20) and nuclease PI (16) versions of the 32 P-postlabeling assay. We found that some major adduct spots obtained by the intensification method were missing when the nuclease PI method was used. This indicates a lack of resistance of some adduct spots towards the 3'-dephosphorylating activity of nuclease PI, one of the major prerequisites for 5'-phosphorylation by T4 polynucleotide kinase.
The present study shows that the precision of the quantitation of DNA adducts by the 32 P-postlabeling assay is complicated by several critical factors. The efficiency of the DNA digestion can be a limiting factor. The formation of multiple adducts from a carcinogen also extremely complicates the evaluation of the recoveries of adducts. Hence, even when digestion of DNA occurs at high efficiency, the combination of several modifications of the P-postlabeling method (nuclease PI-or n-butanol extraction-enrichment, the intensification method, etc) as well as different chromatographic procedures to separate adducts of different structures should be used for the exact quantitation. The 32 P-postlabeling assay can also be used to identify individual deoxynucleosides, which are targets for carcinogen attachment (21) . It follows from the binding of activated Sudan I to the four poly(dX) that all deoxyribonucleoside bases are targets for reactive intermediates produced by Sudan I metabolism in vitro. The higher reactivity of some poly(dX) towards activated Sudan I in vitro compared with DNA was somewhat surprising. However, the highest level of binding obtained with poly(dT), poly(dA) and poly(dG) was comparable with the binding level to transfer RNA (-15 nmol/mg tRNA) (12) . Single-stranded nucleic acids are hence more accessible for modifications by activated Sudan I. The double helical structure of DNA is probably the reason that not all bases and/or positions in bases of DNA are available for reactions with the ultimate form(s) of Sudan I. This suggestion was confirmed with the 32 P-postlabeling assay, since patterns of adduct spots obtained from poly(dX) showed that a number of adducts were formed from these individual poly(dX), which were not detected in modified DNA (Figure 2 ).
Using co-chromatographic analyses we found that five carcinogen adducts of DNA have the same properties in the fourdirectional PEI-cellulose TLC technique as adducts obtained with homopolydeoxyadenosine and homopolydeoxyguanosine, indicating that deoxyadenosine and deoxyguanosine are the major target bases in DNA. None of the adducts formed with poly(dT) and poly(dC) have the same properties as adducts formed in DNA.
The major adducts of deoxyadenosine and deoxyguanosine formed with Sudan I in the peroxidase system are of a pronounced hydrophobic nature, indicating that the whole Sudan I molecule activated by peroxidase is probably bound to these deoxynucleosides. This also follows from the absorption maximum at 480 run of poly(dA) and poly(dG) modified by activated Sudan I (1, 13) . DNA modified by Sudan I activated by peroxidase exhibits the same absorption maximum (13) . It seems that the deoxyadenosine and deoxyguanosine adducts determined should be the principal ones and that they are responsible for the color of modified DNA. Two adducts obtained in experiments with deoxyguanosine-5'-monophosphate and peroxidase-activated Sudan I have an absorption maximum at 480 nm and were separated by HPLC (unpublished results). They will be characterized by mass and NMR spectroscopy to determine the exact position(s) of binding to the deoxyguanosine molecule and to determine the reactive form(s) of Sudan I.
